INTRODUCTION
In this review, we discuss the radiological characteristics of diseases commonly associated with supratentorial cortical signal changes on MRI. In some of these, cortical MRI abnormalities are typical and often isolated-for example, seizures, Creutzfeldt-Jakob disease, laminar necrosis, focal cortical dysplasia and mitochondrial encephalopathy, lactic acidosis and stroke-like episodes (MELAS) (see figure 1) . In other diseases, cortical signal changes often occur in association with more typical abnormalities in other brain regions. Figure 2 outlines the radiological approach to the differential diagnosis, starting with the question, 'Are the cortical lesions isolated (or predominant) or are there other non-cortical changes?' Further interpretation requires an appreciation of the characteristics of lesions on different MRI. Historically, T1-weighted and T2-weighted images are the basic pulse sequences on MRI. Other commonly used sequences include the following:
▸ Fluid-attenuated inversion recovery (FLAIR). This is a pulse sequence suppressing the cerebrospinal fluid (CSF) signal, and thus of special interest to show lesions near to the CSF (ie, the cortex and the periventricular region). ▸ Diffusion-weighted imaging (DWI). This is a form of MRI based upon measuring the random Brownian motion of water molecules within a voxel of tissue.
▸ Apparent diffusion coefficient (ADC).
This is a measure of the magnitude of diffusion within tissue, calculated using DWI. Diffusion is restricted (also called cytotoxic oedema) when the signal is low on the ADC map and high on DWI, whereas so-called vasogenic oedema shows high signal on both ADC and DWI. Restricted diffusion typically develops with brain ischaemia, and in some excitotoxic and metabolic processes. ▸ Gradient-echo T2-weighted imaging (GRE or EGR) . This is of interest to show blood degradation products and mineral deposition (eg, calcium, iron), all seen as low signal. Gadolinium enhancement occurs on T1-weighted imaging in cases of blood-brain barrier rupture.
We will explore some of these clinical and radiological entities in turn.
Seizures
Cortical signal changes may occur in patients with disorders often associated with seizures (eg, MELAS; reversible posterior leukoencephalopathy syndrome; gliomatosis cerebri; malformations of cerebral cortical development; encephalitis); we discuss these in the relevant sections below.
However, prolonged epileptic activity itself (independent of its cause) often causes cortical signal changes, most frequently visible as hyperintensity on T2 and FLAIR sequences, and sometimes associated with mass effect (figure 3). [1] [2] [3] Diffusion-weighted sequences often also show abnormalities (figure 3), consistent with restricted diffusion (ie, increased signal on DWI and decreased signal on the ADC map). Sometimes, the ADC map shows normal or increased signal. In general, the signal changes are reversible (figure 3), although irreversible lesions consistent with subtle gliosis and atrophy may also occur. Sometimes gadolinium-enhanced T1-weighted imaging shows transient cortical and/or meningeal enhancement, probably due to seizure-induced hyperperfusion and/or focal breakdown of the blood-brain barrier (from seizure-induced metabolic changes).
Most often, there is concordance between clinical, electroencephalography and radiological findings. The exact pathophysiology and the evolution over time of Figure 1 The common clinical syndromes characterised by cortical abnormalities. MELAS, mitochondrial encephalopathy, lactic acidosis and stroke-like episodes; RPLS, reversible posterior leukoencephalopathy syndrome. Figure 2 Flow chart exploring the differential diagnosis of cortical abnormalities on the basis of primarily radiological information. ADC, apparent diffusion coefficient; DWI, diffusion-weighted imaging; FCD, focal cortical dysplasia; FLAIR, fluid-attenuated inversion recovery; MELAS, mitochondrial encephalopathy, lactic acidosis and stroke-like episodes; RPLS, reversible posterior leukoencephalopathy syndrome.
these seizure-related signal changes are unclear. These cortical MRI signal changes seem more likely in patients with long-lasting seizures and status epilepticus.
Sometimes T2/FLAIR/DWI sequences show contralateral cerebellar hemisphere lesions (showing similar signal changes as seen in the cerebral cortex); this is probably caused by seizure-induced cerebral cortical neuronal hyperactivity propagating to the contralateral cerebellum by corticopontocerebellar white matter tract connections.
Some patients with refractory seizures and status epilepticus develop temporal lobe cortical and hippocampal signal changes (with signal changes similar to those in the cerebral cortex), probably caused by a particular vulnerability of these brain structures to excitotoxicity-induced damage.
Thalamic DWI hyperintense lesions appearing in the region of the pulvinar, ipsilateral to the epileptiform activity, can develop after prolonged partial status epilepticus. 4 These peri-ictal diffusion abnormalities of the thalamus are associated with seizure origin in the posterior quadrant and with the presence of ipsilateral cortical laminar involvement on DWI. They probably result from excessive activity in the thalamic nuclei that have reciprocal connections with the involved cortex.
Creutzfeldt-Jakob disease
Creutzfeldt-Jakob disease is characterised by a rapidly progressive dementia and fatal outcome. Premortem diagnosis is based on the presence of clinical signs (dementia, ataxia, visual signs, pyramidal signs, movement disorders, akinetic mutism), periodic sharp wave complexes on EEG, 14-3-3 protein in the CSF and high signal in the basal ganglia or the temporal-parietal-occipital (involving at least two regions) cortex on DWI or FLAIR MRIs (figure 4). [5] [6] [7] Signal changes are more likely on DWI than on FLAIR sequences and there is restricted diffusion on the ADC map.
Cortical signal changes can involve each cerebral lobe. However, only the temporal, parietal and occipital lobes are considered in the criteria for reasons of statistical sensitivity and specificity. In the University of California, San Francisco, Creutzfeldt-Jakob disease clinical programme 2011 proposed modifications/additions, the classic pathognomonic MRI pattern comprises involvement of cingulum, striatum and at least one neocortical gyrus (often precuneus, angular, superior or middle frontal gyrus). It is more likely to be bilateral (typically asymmetrical) than unilateral. Subcortical striatum involvement typically has an anterior-posterior gradient.
The pathophysiology of these signal changes is unexplained. There is a discrepancy between MRI abnormalities (ie, with relatively focal and asymmetrical signal changes) and pathological brain findings (showing quite diffuse and symmetrical involvement with widespread brain vacuolation and prion protein deposition without clear asymmetry). 8 
Carcinomatous meningitis
In carcinomatous meningitis, the most typical MRI finding is leptomeningeal gadolinium enhancement on T1-weighted imaging (see online supplementary figure S1). In rare cases, there are cortical (and sometimes subcortical) T2/FLAIR hyperintensities (see online supplementary figure S1) with restricted diffusion on DWI. 9 The possible pathophysiological mechanisms to explain these signal changes include tumour cell infiltration, seizures and microinfarctions due to intracapillary infiltration of tumour cells.
Mitochondrial encephalopathy, lactic acidosis and stroke-like episodes
The stroke-like lesions of MELAS classically show on MRI as signal changes mainly affecting the posterior cortex (and often also the adjacent white matter) and not respecting large vessel territories. [10] [11] [12] The other radiological abnormalities of MELAS include cerebral/ cerebellar atrophy, basal ganglia signal changes and calcifications, and leukodystrophy.
The focal or multifocal cortical stroke-like lesions typically have a T2 and FLAIR hyperintense signal, with restricted diffusion on DWI (figure 5) in the acute phase, followed by increased signal on both DWI and ADC in the subacute and chronic phase. 10 These cortical signal changes are typically transient, most often leaving focal cortical atrophy, and sometimes with hyperintense T1 signal (corresponding probably to laminar necrosis) and/or EGR/ susceptibility-weighted imaging (SWI) hypointensity. [10] [11] [12] It is sometimes difficult to distinguish the stroke-like lesions of MELAS from cortical signal changes due to epileptic activity (common in MELAS).
The proposed mechanisms for these cortical signal changes include ischaemic vascular, generalised cytopathic (caused by an oxidative phosphorylation defect in neurones and/or glia cells) and neuronal hyperexcitability (possibly epileptic). 10 In an earlier report of a MELAS patient, there were gyral hyperintensities on T1-weighted imaging without signal suppression on fatsuppressed imaging (classically seen in laminar necrosis), suggesting cortical haemorrhage. 11 In another patient in the same report, there were small foci of microhaemorrhages on neuropathological examination in the occipital cortex (although radiologically not involved during the stroke-like episode). 11 In the reported patient with cortical EGR and SWI hypointensities, the absence of cortical T1-weighted hyperintensity favoured iron and/ or calcium deposition rather than haemorrhagic. 12 
Multiple sclerosis
Although multiple sclerosis is considered as an inflammatory/demyelinating disease affecting primarily the white matter (typically with T2 and FLAIR hyperintensities, often associated with gadolinium enhancement on T1-weighted imaging in the acute phase), many patients have grey matter involvement-both in terms of irreversible tissue loss and focal lesions (see online supplementary figure S2)-especially when using a double inversion recovery sequence (which provides two different inversion pulses that attenuate the CSF as well as the white matter, better delineating grey from white matter). 13 Cortical lesions are nearly always accompanied by many white matter lesions in multiple sclerosis, which helps to differentiate this from other disorders with isolated or predominant cortical signal changes. There are three types of focal cortical lesions to consider: cortical/juxtacortical lesions involving the cortical laminae and the adjacent subcortical white matter, lesions affecting all cortical layers not extending into the white matter and subpial lesions involving the more superficial cortical layers.
These cortical lesions can distinguish multiple sclerosis from other inflammatory disorders that typically do not show these cortical lesions (eg, neuromyelitis optica). 14 
Laminar necrosis
Laminar necrosis, characterised by hyperintensity on unenhanced T1-weighted imaging (figure 6), typically involves the cortex (giving it its typical linear aspect), although there are rare reports of patients with basal ganglia, thalamic and substantia nigra involvement. T2/ FLAIR imaging shows corresponding isointensity to hyperintensity. Laminar necrosis is not an independent cause of cortical signal changes itself, but rather a possible consequence of several disorders that cause irreversible cortical injury. The proposed mechanism of laminar necrosis is cytolysis, necrosis, oedema, followed by resorption and phagocytosis of necrotic material, resulting in fat-laden macrophages deposition, explaining probably the delayed T1 shortening on MRI. Grey matter (especially the cortex) is probably more vulnerable than white matter, explaining why laminar necrosis most often occurs in the cortex. The most frequently reported risk factors associated with laminar necrosis are ischaemia/hypoxia, status epilepticus, metabolic changes (eg, hypoglycaemia) and radiation therapy. Typical MRI abnormalities of laminar necrosis appear first after 2 weeks, are best seen after 1-2 months and persist for up to 18 months. 15 
Diffuse brain ischaemia-hypoxia
In the early phase, DWI -with cortical hyperintensity on DWI and hypointensity on the ADC map-seems the best MRI sequence to show signal changes related to diffuse brain ischaemia-hypoxia ( figure 7) . 16 DWI imaging can show lesions earlier and better than T2 or FLAIR imaging (with increased signal). In the subacute phase of brain ischaemia, T1-weighted imaging shows cortical gadolinium enhancement. These early signal changes are often followed by T1-weighted imaging changes suggesting laminar necrosis. These lesions are typically bilateral and diffuse.
After diffuse brain ischaemia-hypoxia, the cortical signal changes are most often ischaemic changes in the watershed areas, the basal ganglia (most typically the globus pallidus, often with a haemorrhagic component), the white matter and/or the pallidoreticular area. 
Hypoglycaemia
Patients with prolonged and profound hypoglycaemia may develop radiological abnormalities similar to those in diffuse brain ischaemia-hypoxia. Signal changes (T2 and FLAIR hyperintense signal, with restricted diffusion on DWI) are typically bilateral and most often involve the cortex, the white matter and the hippocampus. 18 Basal ganglia involvement is less common than in brain ischaemia-hypoxia.
Hemiplegic migraine
Some patients with sporadic or familial hemiplegic migraine may show cortical T2/FLAIR hyperintensities and swelling, with normal, increased or decreased diffusion on DWI (see online supplementary figure S3). 19 20 These signal changes are typically transient.
Possible underlying mechanisms include spreading depression, vasogenic processes, brain perfusion changes and ionic channel dysfunction.
Encephalitis
Inflammatory (eg, autoimmune/paraneoplastic) and infective (eg, herpes simplex) encephalitis often preferentially involve the limbic system in the early stage of the disease.
In autoimmune encephalitis, there may be preferential involvement of other structures (such as the brainstem, the hypothalamus, the basal ganglia or the brain cortex). 21 As herpes simplex encephalitis lesions progress, the cortex is often earlier and more severely involved than the white matter (because the herpes simplex virus probably primarily affects neurones). In herpes simplex encephalitis, DWI (see online supplementary figure S4 ) can show well, often even better (especially in early stage disease) and earlier than on FLAIR sequences. 22 DWI hyperintensity in herpes simplex encephalitis is most often associated with low ADC values. Diffusion abnormalities disappear earlier than T2/FLAIR hyperintensities (sometimes with gadolinium enhancement on T1-weighted imaging) in the subacute phase. In the chronic stage, the involved structures often show cortical and subcortical atrophy.
Reversible posterior leukoencephalopathy syndrome
Risk factors for reversible posterior leukoencephalopathy syndrome include immunosuppressive and cytotoxic agents, hypertension, eclampsia and metabolic abnormalities. 23 The common clinical features are headache, decreased alertness, vomiting, seizures and visuoperceptual disturbances. Brain imaging typically shows bilateral white matter lesions in the occipital and posterior parietal lobes. The watershed areas between middle and posterior cerebral arteries are frequently involved. However, there is commonly involvement of the cortex and other regions of the brain (including frontal and temporal lobes, brainstem, cerebellum, basal ganglia, thalamus and corpus callosum). Sometimes, cortical signal changes predominate (see online supplementary figure S5).
Vasogenic oedema is the main characteristic on diffusion-weighted images. The lesions are iso-intense or slightly hyperintense on DWI, hyperintense on T2, FLAIR and ADC sequences, and iso-intense to hypointense areas on T1-weighted images. Because of the suppression of the subarachnoid CSF signal, FLAIR sequences are best to detect cortical abnormalities. ADC values seem to be more sensitive to show brain abnormalities than conventional T2 and FLAIR images.
There is sometimes associated infarction (in areas of massive oedema, the elevated tissue perfusion pressure reduces cerebral blood flow and causes ischaemia), haemorrhage (especially when reversible posterior leukoencephalopathy syndrome is related to hypertension) and/or gadolinium enhancement; each of these indicates a poorer outcome. 24 When there is infarction, affected regions show highly increased signal on DWI, and pseudonormalised or decreased signal on ADC sequences. In uncomplicated patients, the radiological abnormalities improve (at least partially) after stopping the offending drug and treating the elevated blood pressure.
Marchiafava-Bignami disease
Marchiafava-Bignami disease develops mainly in patients with chronic and severe alcoholism and multiple vitamin deficiencies. It preferentially affects the corpus callosum. Often, the entire corpus callosum or a large part of it is involved with a low signal on T1 and high signal on T2/FLAIR; if there is necrosis and cavitary lesions, this gives a profound hypointensity on T1 and FLAIR imaging with a 'sandwich-like' appearance. In the acute phase, there is often restricted diffusion on DWI. Contrast enhancement can occasionally develop in the acute phase, and sometimes there is also slight haemorrhage inside the lesion. Less frequently in Marchiafava-Bignami disease there is involvement of other brain structures including cerebral cortex, white matter tracts and middle cerebellar peduncles. The low ADC values and cortical involvement typically suggest a poor clinical outcome. 25 
Wernicke's encephalopathy
Wernicke's encephalopathy typically affects periaqueductal grey matter, mamillary bodies, hypothalamus, medial thalamus, perirolandic regions and, less frequently, the cranial nerve nuclei, frontal and parietal cortex (see online supplementary figure S6) and white matter, and the corpus callosum. 26 It is best seen as hyperintensity on T2/FLAIR sequences. The involved structures sometimes enhance (especially in alcoholic patients) and/or show restricted diffusion in the acute phase. Haemorrhagic lesions (best seen on EGR and SWI sequences) may develop in cases of catastrophic Wernicke's encephalopathy. 26 
Malformations of cortical development
Malformations of cerebral cortical development, commonly caused by a mutation in a specific gene, include a wide range of developmental disorders that are common causes of neurodevelopmental delay and epilepsy. These malformations are classified into four groups: malformations secondary to abnormal neuronal and glial proliferation or apoptosis, malformations secondary to abnormal neuronal migration, malformations secondary to abnormal postmigrational development and malformations of cortical development not otherwise classified. 27 Often, there are extensive radiological brain abnormalities in these disorders, which are not only confined to the cortex. In focal cortical dysplasia-a heterogenous group of lesions characterised by the presence of abnormal neurones and glial cells within a localised region of the cerebral cortex-the lesions can be subtle and easily overlooked. Focal cortical dysplasia appears as a localised area of cortical thickening with an indistinct grey-white matter junction ( figure 8 ). There is often associated macrogyria and abnormally widened or deep sulci and a subcortical linear, curvilinear, radial or funnel-shaped focus of abnormal signal intensity extending from the grey-white matter junction to the superolateral margin of the lateral ventricle. Focal cortical dysplasia lesions are typically hypointense on T1-weighted and hyperintense on T2/FLAIR-weighted imaging. Absence of white matter signal changes, absence of mass effect and absence of gadolinium enhancement on T1-weighted imaging can help to distinguish focal cortical dysplasia from glioma. When focal cortical dysplasia causes status epilepticus, the same MRI signal changes can develop as in seizure-related cortical signal changes described earlier.
The radiological description of the vast amount of other (often extensive) malformations of cerebral cortical development is beyond the scope of this review.
Gliomatosis cerebri
In gliomatosis cerebri, there is diffuse white matter infiltration (best seen as homogenous T2 and FLAIR hyperintensity, and hypointense on T1) involving two or more lobes with enlargement of the involved structure (see online supplementary figure S7). Absent (or minimal) enhancement on gadolinium-injected T1-weighted imaging is typical. There is often involvement of associated cortex, corpus callosum and basal ganglia. The lesions typically progress over time. In early stage disease of gliomatosis cerebri, often before there is white matter involvement, cortical located signal changes are sometimes difficult to distinguish from focal cortical dysplasia (especially since both entities are often associated with seizures). When gliomatosis cerebri is located in the mesial part of the temporal lobe(s), radiological abnormalities can mimic those seen in autoimmune/paraneoplastic or infective encephalitis.
Superficial siderosis
Diffuse superficial siderosis of the central nervous system (CNS) results from haemosiderin deposition in the subpial layers of the brain and the spinal cord, causing progressive parenchymal damage characterised by progressive cerebellar ataxia, sensorineural hearing impairment, cognitive impairment sensorimotor symptoms, urinary dysfunction and/or olfactory dysfunction. Reported associated conditions include prior trauma, intradural surgery, CSF cavities (eg, meningocele, pseudomeningocele, cavity remaining after neurosurgery), plexus and root pathology (eg, avulsions), tumours, vascular abnormalities and amyloid angiopathy. Diffuse superficial siderosis of the CNS involves preferentially the posterior fossa.
Focal (or multifocal) superficial siderosis most often involves the supratentorial brain cortex. Underlying disorders leading to focal or multifocal superficial siderosis include amyloid angiopathy and reversible cerebral vasoconstriction syndrome. 28 Superficial siderosis, in a strict sense, does not alter the MRI signal of the cortex. However, we discuss it here because, especially in the chronic phase, there may be doubt about the parenchymal or subpial localisation of the signal changes. In the acute bleeding phase, siderosis appears as hyperintensity on FLAIR and hypointensity on EGR sequences (see online supplementary figure S8 ). T1 signal becomes hyperintense in the subacute phase. In the chronic phase, subpial haemosiderin deposition shows best on EGR and SWI sequences as a hypointense rim on the surface of cerebral convexities (see online supplementary figure S8), whereas FLAIR signal normalises. Tables 1 and 2 show the radiological characteristic of the cortical lesions in the different disorders discussed. (WE) (WE) Superficial siderosis ADC, apparent diffusion coefficient map; EGR, echogradient-weighted imaging; MELAS, mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes; FHM, familial hemiplegic migraine; RPLS, reversible posterior leukoencephalopathy syndrome; WE, Wernicke encephalopathy; (disease), when signal changes have been reported, although unfrequent, in the disease.
